More than 1300 variables classified provisionally as first overtone RR Lyrae pulsators in the macho variable star database of the Large Magellanic Cloud (LMC) have been subjected to standard frequency analysis. Based on the remnant power in the prewhitened spectra, we found 70% of the total population to be monoperiodic. The remaining 30% (411 stars) are classified as one of 9 types according to their frequency spectra. Several types of RR Lyrae pulsational behavior are clearly identified here for the first time. Together with the earlier discovered double-mode (fundamental & first overtone) variables this study increased the number of the known double-mode stars in the LMC to 181. During the total 6.5 yr time span of the data, 10% of the stars show strong period changes. The size, and in general also the patterns of the period changes exclude simple evolutionary explanation. We also discovered two additional types of multifrequency pulsators with low occurrence rates of 2% for each. In the first type there remains one closely spaced component after prewhitening by the main pulsation frequency. In the second type the number of remnant components is two, they are also closely spaced, and, in addition, they are symmetric in their frequency spacing relative to the central component. This latter type of variables is associated with their relatives among the fundamental pulsators, known as Blazhko variables. Their high frequency (≈ 20%) among the fundamental mode variables versus the low occurrence rate of their first overtone counterparts makes it more difficult to explain Blazhko phenomenon by any theory depending mainly on the role of aspect angle or magnetic field. None of the current theoretical models are able to explain the observed close frequency components without invoking nonradial pulsation components in these stars.
INTRODUCTION
In this continuing series of papers dealing with the variable star data of the macho project, we examine here the temporal behavior of a large sample of first overtone RR Lyrae stars. Until very recently, short-periodic RR Lyrae stars have been known to appear in two different flavors: (a) singly-periodic; (b) doubly-periodic (or double-mode). In this latter case the two periods are associated with the first two radial normal modes of the star. Because of their dominant first overtone content, these variables were hidden for a long period of time among the monoperiodic first overtone stars. In 1977 AQ Leo was discovered as the first double-mode RR Lyrae star by Jerzykiewicz & Wenzel (1977) . The first variable of this type in a globular cluster was discovered by Goranskij (1981) . However, it was only in 1983 when the first systematic studies started in globular clusters (Cox, Hodson & Clancy 1983) , although there were suggestions that some of the first overtone variables in the appropriate period range with 'excessive scatter' might be actually doublemode stars (Sandage, Katem & Sandage 1981) .
Less than a year ago Olech et al. (1999a, b, hereafter O99a,b) found that some first overtone stars in the globular clusters M5 and M55 exhibit two frequencies, very closely spaced. They argued that the high period ratio strongly indicated the presence of nonradial modes in those stars. In the course of another recent study of the pulsation behavior of the RR Lyrae stars in the Galactic bulge sample of the ogle project, Moskalik (2000, hereafter M00) also found several variables with closely spaced frequencies. Furthermore, in a selectively chosen sample of the macho RR Lyrae inventory, Kurtz et al. (2000) also picked a few amplitude-and phase-modulated (Blazhkotype) variables among the first overtone stars.
In the present paper we carry out a systematic study of the frequency spectra of 1350 first overtone stars of the macho project for the Large Magellanic Cloud. The results of the investigation of a shorter segment of the same data set have already been briefly summarized by Kovács et al. (2000) . This is the first large-scale survey of the finer details of the temporal behavior of the variable star data of a microlensing survey. (We note however, that in a recent paper, Udalski et al. 1999 , without going into the details, mention a similar massive analysis in a search for double-mode Cepheids in the Small Magellanic Cloud.) Due to the large size of the sample, this study also yields valuable statistics in respect of the occurrence rate of the various modal behaviors among first overtone stars. This, together with other information on the fundamental mode RR Lyrae stars, supplies crucial observational data for understanding RR Lyrae pulsation, and, in particular, the Blazhko phenomenon.
Because of the various pulsation behaviors discovered among RR Lyrae stars, we found it necessary to introduce new notation for the already known classical types. Throughout this paper we use RR0 for fundamental, RR1 for first overtone and RR01 for double-mode (fundamental & first overtone), instead of the traditional notation of RRab, RRc and RRd. We will see that the new notation can be more successfully adapted to label new types and subtypes of variables.
THE DATA AND THE METHOD OF ANALYSIS
The analysis presented in this paper utilizes the data obtained during the first 6.5 years of the macho project. The primary selection of the sample was made through a cut in the color-magnitude diagram from the fields observed by the project (see http://wwwmacho.mcmaster.ca). The magnitude and color ranges were confined in the 18.5 ≥ V ≥ 20.0 and 0.5 ≥ V − R ≥ 0.1 intervals. This set was tested for variability by employing various statistics of the magnitude distributions of the individual objects. Next, the time series of the candidate variables were passed through a period search algorithm. In the final step of the primary selection the folded light curves were examined to filter out eclipsing binaries and other variables different from RR1 stars. Since the present sample contains variables only from 17 out of the 30 fields observed by the project, the sample is not complete. From the number of all variables (of any type) in the 30 fields and from the occurrence rate of RR1 variables in the 17 fields analyzed, we estimate the completeness to be 52%. Details of the macho image and photometry data are provided in Alcock et al. (1999) .
Since our interest is focused only on the temporal behavior of the variables, in our primary survey we employ only the instrumental 'r' magnitudes. However, when this color leads to dubious results, we also examine the frequency spectra corresponding to color 'b'. Although the present RR1 sample contains about 1350 variables, some overlaps exist among the various fields both within this set and also with some of the 73 RR01 stars discovered by Alcock et al. (1997, hereafter A97) . Further details on the data lengths, temporal distributions and signal to noise (S/N) ratios are given in Figure 1 . We see that the most probable number of data points per variable is between 600 and 800 and is rarely less than 250, whereas for a considerable number of stars it exceeds 1000. The length of the total time span T peaks at 2370 d which corresponds to the above mentioned 6.5 yr duration. Because of observational schedule, some of the variables cover a shorter time span, but very few of them extend for less than 6 yr. In the lower right corner we plot the distribution of the sampling time ∆T = t i+1 − t i . Because the LMC is circumpolar at Mount Stromlo, the data window is free from any long-term periodicity. The most significant problem comes from the daily sampling, but even this alias is tamed by the slight irregularity in the sampling rate as is exhibited by the small peaks between zero and 2 d in the distribution function. All these result in spectral windows which can be, in general, easily tackled as we will see in the subsequent sections.
To characterize the noise properties of the light curves we define the signal to noise ratio A/σ as the ratio of A, the amplitude of the first component of a 3rd order singleperiod Fourier fit, to σ, the standard deviation of the residuals of this fit. In the distribution function of A/σ, in the lower left corner of Figure 1 , we see that the size of the noise is comparable to the main signal amplitude. Since only some 30% of the total RR1 sample is multiperiodic (see later), the observed low S/N ratio is indeed due to the high noise, and not to the excess scatter attributed to secondary signal components. In some cases the light curves have substantial higher harmonic components, and, therefore, the total amplitudes might be twice of that of the first Fourier component, which results in a better S/N ratio. At such a low S/N ratio, when searching for secondary signal components, it is crucial to perform a frequency analysis combined with a prewhitening technique. During the prewhitening cycles we successively subtract the corresponding highest amplitude signal component and its first two harmonics from the time series. The fact that examination of the residual scatter in a single-period fit is not a decisive test for detecting secondary signal components in the low S/N case, is demonstrated in Figure 2 . By using the observed data, in the lower panel we plot the relative residual scatter for the signal before the first prewhitening. Here σ 0 /A 0 is the reciprocal of the same quantity plotted in Figure 1 (we use the zero subscript only to emphasize that the quantities refer to the data before the prewhitening cycles). We see that the multiperiodic stars are intermingled with the monoperiodic ones and only a few of them stand out relatively well from the rest of the sample.
For characterizing the S/N ratio of the prewhitened spectra, the following quantity is introduced
Here A p is the peak value in the amplitude spectrum, A(ν) is the frequency-averaged value of the spectrum, σ A(ν) is the standard deviation of the amplitude spectrum in the given band width. The plotted values are obtained by considering the [0.5,5.5] d −1 frequency band. We see that most of the detections are rather safe, with confidence limits better than 6σ. It is clear that in future automatic search for multiperiodic variables statistics S 1 could be very helpful.
The frequency analysis is carried out by employing a standard Discrete Fourier Transformation (DFT) for unequally spaced data (see e.g., Deeming 1975) . The input time-series of the DFT is obtained by subtracting the average from the original data set and omitting 4% of the data points which have the largest deviations from the average. We take the [0.5,5.5] d −1 frequency band for the primary survey and the [0.0,6.0] d −1 band for the detailed analysis of the multiperiodic cases. All spectra in the above bands are calculated with 60000 and 80000 frequency steps, respectively. To avoid plotting unimportant features and unnecessarily large arrays, we employ economic plotting, which means that the plotted values correspond to the maximum amplitudes in the bins of the chosen bin resolution of the total frequency band. The number of bins in our case is 2000. In each prewhitening cycle the location of the highest peak in the given band width is used to calculate a more accurate estimation of its frequency. This is done by a least-squares technique, by searching for the minimum dispersion around a 3rd order single-period Fourier-sum. Up to three prewhitening cycles are performed in the multiperiodic cases. All spectra and folded light curves are visually inspected and then classified according to the prewhitened spectra. As we see from the statistics of S 1 in Figure 2 , in principle one could pick up most of the multiperiodic variables on the basis of the ≈ 6σ criterion. However, at this stage of the analysis of a still 'reasonably' low number of variables, the 'manual' search is preferred in order to ensure that no interesting cases are missed because of slightly marginal detectability. Finally, in the class of variables showing period change, we employ a very simple time-dependent Fourier analysis, which consists of a series of single-period Fourier fits to the adjacent parts of the time series.
RR01-TYPE STARS: VARIABLES WITH THE FUNDAMENTAL & FIRST OVERTONE MODES
This class of variables is the simplest to detect in the present data set. The standard prewhitening method Fig. 3 -Example of the detection of a double-mode (RR01) variable. The upper panel shows the spectral window. Inset displays the fine structure around the main peak. Label shows the macho identifier, number of data points (N ), length of the total time span (T in [days] ) and frequency resolution (T ∆ν) of this and all the following wide frequency band spectra. Subsequent panels show the amplitude spectrum of the original data and the results of the corresponding prewhitening cycles (see Sect. 2 for details). Insets show the fine structure of the spectra centered around the main peak of the spectrum of the original data. Labels show the prewhitening order, the frequency and the amplitude (in [d −1 ] and in macho 'r' magnitude, respectively) of the main peak of the corresponding prewhitened spectra. The wide frequency band spectra are normalized relative to the highest peak in the spectrum of the original data. The spectra shown in the insets are normalized separately to the highest peaks in the narrow frequency band of the corresponding spectra. As it is described in the text, economic plotting is employed in all cases.
based on the maximum peak subtraction almost always works, although we use a wide frequency band and do not restrict the search to some 'proper' period ratio regime. This latter condition is applied only in one or two cases from the 156 successful searches. (We note, however, that 48 stars from this set are either doubly identified or have already been discovered by A97, using a reduced and different data set.) In many cases the lowest order combination frequencies f 1 − f 0 and f 1 + f 0 are also identified (the harmonics are automatically subtracted by our 3rd order monoperiodic fits). Figure 3 illustrates the case when these combination frequencies are easily visible. We draw attention to the following important features: (a) the spectral window contains only the integer d −1 aliases, and is free from any long-term alias problems (this property is true for almost all time series); the 1 d −1 aliases are sufficiently small and in most cases do not hamper the identification of the maximum peak in the spectra; (b) the combination frequencies are very well reproduced from f 0 and f 1 , which is a strong indication of the physical nature of the frequencies found. The basic parameters of the previously unknown RR01 variables are given in Table 1 1 . (The amplitudes A 1 and A 0 refer to the first overtone and fundamental modes, respectively, and are obtained through monoperiodic Fourier fits during the prewhitening procedure. The coordinates refer to the year 2000.) Together with the already published variables by A97, there are 181 RR01 stars known in the LMC. This number of variables is about three times of the total number of RR01 stars presently known in globular clusters, galaxies and in the Galactic field. When plotted either on the period-amplitude or on the period-apparent magnitude diagrams, LMC RR01 stars do not seem to be distinguishable from the single-mode RR1 stars. They occupy a relatively narrow period range of 0.33 d < P 1 < 0.41 d (there is only one star with
As it is shown in Figure 4 , the ratio of the amplitudes of the two modes shows a wide range, but the fundamental mode amplitude A 0 rarely exceeds that of the first over-tone. Apparently there is a lower cut in the A 0 /A 1 ratio at 0.2, because we do not observe lower ratio than this, although our detection limit is below this value (see the tests for the Blazhko variables in Sect. 5). Fig. 5 -Position of the LMC RR01 stars in the P 0 → P 1 /P 0 diagram. For comparison, we also show by gray-colored background the area occupied by models selected in the parameter regime shown in the header. The models of Kovács & Walker (1999) are used with the opal'96 opacities. The Hydrogen abundance X is fixed at 0.76 and the adopted value of the solar metallicity Z ⊙ is 0.02. Mass and luminosity are given in solar units.
It is well known that the P 0 → P 1 /P 0 diagram (Petersen 1973) carries important information about the metal content and mass of the RR01 stars (Kovács, Buchler & Marom 1991) . In Figure 5 we plot this diagram for all known LMC RR01 stars, together with the region of the models occupied at some fixed metallicity and mass. It is seen that the constant mass and metallicity assumption is not applicable to the whole RR01 population of the LMC. Assuming that either the mass or the metal content is the sole agent for the observed topology, we get rough estimates of ±0.15M ⊙ and ±0.3 dex, respectively, necessary to cover the total ranges of periods and period ratios. There is also a dependence on L and T ef f which influences the applicable average values of mass and [M/H] (in the case displayed we use the so-called 'brighter' luminosity scale -see Kovács & Walker 1999) . It is obvious that the proper treatment of this problem requires additional information, most importantly accurate abundance values of the LMC RR01 variables. For further discussion of this problem we refer to A97, Popielski & Dziembowski (2000) and Clementini et al. (2000) .
RR1−ν1-TYPE STARS: VARIABLES WITH 2 CLOSELY SPACED FREQUENCIES
These variables represent a special type of doublefrequency pulsation. The frequency ratios are always larger than 0.95 and could be as large as 0.999. In Figure 6 we show an example for the patterns obtained in the case of medium frequency separation. It is clear that in the frequency band analyzed, there are no other components except for the 2 closely spaced ones we identified. (As it is seen in the third panel, the nearly equidistant triplet structure of the low-frequency aliases is due to the power leakage from negative frequencies.) Other solutions, such as the RR01 frequency pattern are not possible, both because of the fairly clear alias patterns obtained during the calculation of the present solution, and also because on physical grounds (i.e., we would have obtained 'bad' period ratios with the RR01 assumption). Unlike in the case of Galactic bulge RR0−ν1 variables analyzed by M00, we do not find traces of the combination frequencies ν 1 − ν 0 and ν 1 + ν 0 . There is only one variable with frequency separation smaller than 0.01 d −1 (see Figure 7 ). The status of this star is slightly ambiguous, because the 'b' data suggest the presence of a symmetric frequency pattern (see next section), although the feature is sufficiently hidden in the noise, similarly to the case of the 'r' data shown in the figure.
The main properties (frequency ν 0 and amplitude A 0 of the main -i.e., higher amplitude -component, frequency separation ν 1 − ν 0 , and the ratio A 1 /A 0 of the secondary and main amplitudes) of the 24 RR1−ν1-type variables are listed in Table 2 . Most of these stars have frequency separations between 0.01 and 0.1 d −1 and only a few of them exceed these limits. 63% of the variables have negative frequency differences (i.e., the secondary, lower amplitude component has smaller frequency than the main component). In the case of positive frequency differences the secondary amplitudes are almost always quite comparable with those of the main components. It is also seen that the period regime in which RR1−ν1-type pulsation occurs, is fairly wide. For a closer inspection of the overall properties of the RR1−ν1 spectra, in Figures 8 and 9 we show a representative sample of this type of variables. In many cases the secondary components are very easily visible even without prewhitening. In some prewhitened spectra of sufficiently low noise level, one may suspect the presence of additional low-amplitude components. Specially interesting are those in which the suspected component forms a symmetric triplet with the main and secondary components. As an example, we recall the case of 82.8766.1305 (see note to Table 2 ), where the 'b' data support the existence of such a symmetric frequency pattern. On the other hand, a closer examination of the suspected third component for 2.5266.3864 reveals that it is asymmetric and becomes very small after the second prewhitening, whereas for 80.6352.1495 the very marginal possible third component indicated in Figure 9 completely disappears. These conclusions are also supported by the analysis of the 'b' data. We return to the problem of hidden symmetric frequency patterns in the next section during the discussion of the Blazhko variables. Fig. 8 -Amplitude spectra of a sample of RR1−ν1 stars without prewhitening. Each spectrum is normalized to the same level by the corresponding highest peak.
As we have already mentioned in Sect. 1, parallel with the present study, RR1−ν1-type variables have also been discovered in other stellar systems. There are 3 RR1−ν1-type stars in the globular cluster M55, 1 in M5 (O99a,b) and 2 in the ogle-sample of 66 RR1 stars of the Galactic bulge (M00). It is worthwhile to mention that for four of these variables the frequency difference is negative in agreement with most of the values in our sample. In addition to the two RR1−ν1-type stars, M00 found similar type of stars in the RR0 population. From the 149 stars he identified 11 variables with two closely spaced frequencies.
It is interesting to note that 9 of these stars have frequency spacings with opposite sign to that of the majority of the RR1−ν1 stars. The authors of both of these papers argue strongly that these discoveries are the first observational proofs for the existence of nonradial modes in RR Lyrae stars. Indeed, it is difficult to escape this conclusion, especially in the light of the recent theoretical works indicating the excitation of nonradial modes in RR Lyrae stars (Van Hoolst, Dziembowski & Kawaler 1998; Dziembowski & Cassisi 1999) . Fig. 9 -Amplitude spectra of a sample of RR1−ν1 stars for the data after the first prewhitening. Each spectrum is normalized to the same level by the corresponding highest peak.
RR1−BL-TYPE STARS: VARIABLES WITH 3 SYMMETRICALLY SPACED CLOSE FREQUENCY COMPONENTS
Fourier analyses of Galactic field RR0 stars with Blazhko effect (Borkowski 1980; Smith et al. 1994 Smith et al. , 1999 Kovács 1995; Nagy 1998; Szeidl & Kolláth 2000) revealed a very simple frequency pattern for these stars. The spectra constitute a sequence of equidistant triplets, centered around the fundamental mode frequency and its harmonics. This structure can be observed up to the 5th -7th harmonics. The frequency spacing corresponds to the modulation (Blazhko) period. The amplitudes of the modulation components around the harmonics are 10-30% of the corresponding harmonics and are, in general, not symmetric. Their contributions add up in the directly observable amplitude and phase changes and result in considerable amplitude variations of 30-50% (Szeidl 1988) .
Before the present analysis (see also Kurtz et al. 2000 ) it was unclear whether Blazhko-type modulation was also present in RR1 stars. Interestingly, we find that this behavior does also occur in RR1 stars; however, its incidence is much lower than among RR0 stars. We discovered altogether 28 variables showing Blazhko-type frequency patterns. The details of the prewhitening procedure for such a variable are shown in Figure 10 . Again, here we draw the attention to the flat spectrum after prewhitening by all three peaks. Equal frequency spacing is also well displayed. Although most of the variables have modulation frequencies similar to the example shown, 7 variables have rather small ones, corresponding to modulation periods longer than 600 d . In Figure 11 we show an example for such a variable. It is seen that despite the very small separation, the components are still clearly resolved due to the long baseline of the data. The results of the analysis for the RR1−BL-type variables are summarized in Table 3 . The quantities corresponding to the highest peak in the frequency spectrum before prewhitening are labeled with zero subscripts. The + and − signs denote components which have, respectively, larger and smaller frequencies than the main component (i.e., ∆f ± = ν ± − ν 0 ). We see that except for 11.9355.1380, in all cases the main component is also the center of the triplet. The lowest and highest detected modulation levels are 12% and 82%, respectively. For an overview of the patterns of the RR1−BL-type frequency spectra, in Figures 12 and 13 we display the spectra of the data before and after the first prewhitening. In some cases we see remnants precisely at the ν 0 component. These are either due to long-period modulations not resolved on the present plotting scale, or to period changes of the main components. Furthermore, in other cases, the presence of additional close component(s) can also be suspected (e.g., 82.8765.1250).
In the following we address two questions which are important for the physical models of the Blazhko phenomenon: (a) What is the statistical significance of the slight deviations from equidistant frequency spacing? (b) How small is the lowest observable level of modulation in the present data set?
Problem (a) is tested in the following way. For each variable to be tested for the significance of the equidistant frequency spacing, we generate a synthetic signal by using the average of the observed frequency distances and the corresponding Fourier decomposition obtained from fitting this equidistant frequency triplet to the data. Then Gaussian noise is added to this signal with the standard deviation of the residuals of the Fourier fit of the original data mentioned above. After analyzing many realizations of the so-obtained time series, we check the statistical properties of the calculated frequency distances. The deviation from the equidistant pattern is measured by the absolute value of the difference between the two spacings, i.e.,
In Figure 14 we show the empirical probability distribution of δf for one of the variables in Table 3 . We see that the observed deviation is well within the probability limit expected from the effect of observational noise. The same conclusion is drawn from the tests performed with other variables. Turning to problem (b), we see from Table 3 that the modulation level A ± /A(ν 0 ) for most of the RR1−BL variables is larger than 20%. We have only one variable for which both components are under this limit. The question of lowest modulation level is important from the point of view of the relation between the Blazhko RR0 and RR1 stars, because the possibility of the existence of RR1 stars with low-level modulation would increase the number of Blazhko RR1 stars, thereby decreasing the gap between the occurrence rates of the two classes of Blazhko variables. To clarify this question, the following tests are performed. First, we select high S/N ratio stars from the monoperiodic RR1 variables. Stars which satisfy the (0.16A(ν 0 ) − A(ν) )/σ A(ν) > 5.0 criterion are chosen for the test. Here A(ν 0 ) denotes the amplitude of the observed main component, other symbols have the same meaning as in Eq.
(1). This condition is in line with the detection properties of the secondary components discussed in Sect. 2 and implies a modest or good chance to find any secondary components with amplitudes greater than 16% of the corresponding main components. We note that the number of stars selected with this method is a very sensitive function of the required discrimination/detection limits. For example, with the above criterion we get 216 variables, whereas with a 15% limit we get only 140.
In the next step each time series is prewhitened by the main component. band, and searched for significant peaks (both visually and automatically, by finding the most symmetric triplets from the four frequencies with the highest amplitudes). By allowing a maximum frequency asymmetry of δf = 0.001 d −1 , in the A ± /A(ν 0 ) = 0.15 test we find 155 cases where the two symmetric peaks can be identified. In the case of weaker secondary components (A ± /A(ν 0 ) = 0.10), we still have 49 successful identifications based on the existence of symmetric triplet structures among the four highest peaks obtained during the prewhitening sequences. A 'conservative' visual examination of the spectra after the first prewhitening leads to a similar conclusion. In the test of 10% modulation level we find 49 cases where only one significant component is seen (6 of them do not appear at the test frequency). In 22 additional cases we see clear equidistant triplet structures. It is evident that if we assume a 20% occurrence rate of these Blazhko stars with low-level modulation, in this limited sample of 216 stars alone we should have seen more than 0.2 × (49 + 22) = 14 of them either as RR1−ν1 or RR1−BL variables.
In Figure 15 we display some of the spectra to visualize the significance of the detection of the side components in the test case of the 15% modulation level. From the 30 cases shown, there are only two in which none of the components are readily visible.
Considering only the test results of the automatic search for triplet structures, let us assume that the incidence of the RR1−BL stars with these low-amplitude modulations follows the rate of ≈ 20% found for the RR0 stars. Then, with the minimum amplitude modulation of 10%, the conservative estimate is that we expect at least some 49 × 0.2 ≈ 10 additional RR1−BL stars in the original data set. (With the 15% minimum modulation level this number would increase to 31.) To test if we have missed some faint close components during the basic screening of Fig. 15 -Amplitude spectra of a sample of the test signals after the first prewhitening. The artificial side components correspond to 15% modulation level. Each spectrum is normalized to the same level by the corresponding highest peak.
the data, we repeat the above analysis on the original data, without the injection of the faint secondary artificial signal components. A visual inspection of the spectra of the 216 stars confirms our first conclusion, namely, these stars are indeed monoperiodic variables. In Figure 16 we show the 12 best cases, where a search for symmetric triplet structure among the highest peaks indicates the presence of such hidden triplets. Comparing with the examples of the 15% test signal case, we see that even these 'best' cases are of very low statistical significance. From these tests we conclude that if RR1−BL stars with low modulation levels of 10-15% exist at a rate more than 10%, we should have found such stars in a significant number. It seems rather probable that the incidence of the Blazhko stars among the LMC RR1 stars cannot be larger than a few percent. Fig. 16 -Amplitude spectra of a sample of monoperiodic variables after the first prewhitening. For these variables a numerical search for hidden symmetric frequency triplets led to positive results. Each spectrum is normalized to the same level by the corresponding highest peak.
RR1−P C-TYPE STARS: VARIABLES WITH PERIOD

CHANGES
In the course of the basic scan of the variables, we found a considerable number of stars whose prewhitened frequency spectra contained significant remnant power very close to the main component. Due to the proximity and unresolved nature of these remnants, we attribute their existence to long-term period and/or amplitude changes. Quite often the phenomenon can also be recognized by the broadening of the line profiles in the frequency spectra. Because of the non-discrete nature of the frequency spectra, the standard prewhitening procedure does not work in these cases. In Figure 17 we show an example of the failure of successive prewhitenings. Spectral line broadening is also well observable in the present case.
For a closer examination of the nature of the long-term variation, we perform the following simple time-dependent Fourier analysis. A sequence of single-component Fourier fits is calculated on overlapping segments of the time series by shifting the base of the fit by one item of data in each step. The length of the base of the fits is chosen to ensure reasonable stability in the calculated time-dependent amplitudes and phases when the base-length is increased. In most cases we reach this situation by choosing 50-100 data points per segments. We also test two simple mathematical models of the long-term modulation. The first one consists of a linear period change of the main component
where P is a properly chosen average period, t 0 is an arbitrary epoch and β is the rate of period change. We expect this model to work well when the phase variation derived above is closest to a second order polynomial. The second model assumes a pure exponential modulation in the following form
where A is some average amplitude. After performing these tests on the 141 RR1−P C variables, we find that none of them can be modeled by the assumption of pure exponential amplitude change. On the other hand, the model of linear period change works better in a significant number of cases. However, the time-dependent Fourier analysis reveals that for most of the RR1−P C variables these simple models are unable to give a full account of the observed remnant power in the frequency spectra. In Figure 18 we show representative cases for the almost pure linear period change and for the more general situation when this simple description is not applicable. It is important to remark that the present simplified time-dependent analysis can be regarded as very preliminary, because the high noise level and the strong period change would require the application of a more sophisticated method. For instance, tiny amplitude changes (if they exist), are certainly not detected with this method due to the large errors of the calculated amplitudes from the short data segments in the presence of such a high noise. However, the observed phase changes seem to have much higher significance because of the considerable range of phase variations associated with them. In addition, a comparison with a similar analysis performed on some RR1 variables reveals that indeed, they show irregular/noisy phase variations several times smaller. At the same time, their temporal amplitudes behave very similarly to those of the RR1−P C stars. We draw the attention to the fact already mentioned, namely that a simple exponential amplitude variation cannot explain the remnant power in the spectrum. Furthermore, the light curves corrected for the phase variation show considerably lower scatter. For these reasons we refer to the above class of variables as P C (period changing) stars, since most, if not all their extra power around their main frequency components originates from phase/frequency change, although some contribution from amplitude change cannot be excluded. If we consider the signs and sizes of the derived period change rates, we see that: (a) there are both positive and negative values; (b) in absolute values they are about two orders of magnitude larger than the ones expected from standard stellar evolution theory (e.g., Lee 1991 ). This type of discrepancy (although perhaps at a lower degree) exists for most of the observed period changes in RR Lyrae stars. The explanation of this fact poses a serious challenge for stellar pulsation theory. Because the individual period changes are well-demonstrated and rather accurately measured, we think that it is incorrect to treat large period changes as errors and use only their averages over the variables studied (e.g., Lee 1991; Lee & Carney 1999 ; see however Rathbun & Smith 1997) .
We list the RR1−P C variables found during this survey in Table 4 . We caution that in some cases three prewhitenings with the main and two very close side components yield flat flat frequency spectra (e.g., 3.6240.470; 6.6568.484; 11.9235.1034) . This suggest that these stars might turn out to be RR1−BL variables with very long modulation periods when future observations on a longer time base will be available.
MISCELLANEOUS VARIABLES
Either because of their rare occurrence or because of the specific frequency values of their secondary components, it is difficult to classify these stars with high confidence. Nevertheless, future studies might shed light both on the nature of these stars and on the possible relations between them and the more securely classified variables. There are 20 stars whose prewhitened frequency spectra contain residuals at integer d −1 components. Hereafter we call these variables of RR1−D1-type. Usually, the amplitudes of these curious components are not too large, exceeding 50% of the main components only in two variables. For half of them this quantity is under 30%. In general, the secondary components show up at 1.00027 d
but sometimes the ±1 d −1 aliases are stronger. As a result, it is possible that in some cases a long-term effect is responsible for the observed frequency pattern. We find many cases when the 'b' data do not justify the RR1−D1 classification. For these variables we retain their RR1 status. Most probably, the RR1−D1 variables are affected by some spurious observational or data reduction flaws, to be clarified in the future.
In three more interesting cases the frequency ratios of the secondary and main components closely resemble those of the first and second overtone modes of RR Lyrae models. Therefore, these preliminarily classified double-mode variables are referred to as RR12-type. One of them is shown in Figure 19 . Further studies of these variables would be important for the verification of their doublemode behavior and their relations to the single-mode second overtone suspects (Alcock et al. 1996) . In the frequency spectra of three variables we find two significant peaks close to the main component. However, unlike in the case of Blazhko stars, these peaks are not spaced equidistantly. We refer to these stars as RR1−ν2-type variables. Figure 20 displays In five cases there are hints that the prewhitened spectra consist of several well-resolved peaks located close to the main component. Figure 21 displays the frequency spectra of one such variable. Following the nomenclature of the other variables with close components, we refer to these stars as RR1−νM -type variables. It is tempting to identify these objects with multimode variables whose secondary frequency components correspond to some of the most strongly excited nonradial modes belonging to the same harmonic degree l (for recent theoretical models see Dziembowski, & Cassisi 1999) . However, it is better to wait with this conclusion until more elaborated observational tests become available.
We also mention the relatively small group of variables whose classification is hampered by the complexity of their spectra. This complexity is either due to the appearance of peaks without any hints of their origin, or to the high noise/low data number. These non-classified (RR1−N C) variables are listed together with Figure e above mentioned miscellaneous objects in Table 5 . For further reference, in Table 6 we give the frequencies and amplitude ratios of the RR12 and RR1−ν2 stars. The symbols ν i refer to the frequencies obtained at the various stages of the prewhitening sequences, and not to the normal modes, within the system of standard notation for these modes.
It is important to recall that in some cases, in other types of variables described in the previous sections, we also encountered some peculiarities. First of all, because of the finite noise level and of the color dependence of the observed amplitudes, the 'r' and 'b' data sometimes yield inconsistent results. These situations occur usually when the secondary component is close to the noise level. In these cases classification is based on the 'cleanest' frequency spectrum. For RR1−D1-type variables this practice is partially overruled by the fact that the secondary component is most probably an artifact, therefore, preference is given to the monoperiodic RR1 classification if it is supported by one of the colors. As another example for the possible ambiguity, we recall the case of some RR1−P C variables mentioned in Sect. 6. In the case of these stars the length of the available data is still too short to enable us to make a clear distinction between period change and the more than ≈ 2000 d modulation period if the variable is of Blazhko-type, as it is suggested by the successive prewhitenings.
CONCLUSIONS
A massive frequency analysis has been carried out on a large sample of the first overtone RR Lyrae (RR1) population of the macho variable star base of the Large Magellanic Cloud. The study was aimed primarily at finding multiperiodic and non-stationary variables among RR1 stars. Special effort was made to search for amplitude-and phase-modulated (Blazhko) variables. Occurrence of this phenomenon among RR1 stars was not known previously. Because widely acceptable theoretical interpretation of the Blazhko effect is still missing, it is important to accumulate more observational data in order to constrain further the possible models. Because of the high occurrence rate of the Blazhko effect among fundamental mode RR Lyrae stars and the lack of theoretical understanding of this phenomenon, known for almost a century, further study of these stars has a general significance.
The basic technique of analysis we applied was the standard Fourier frequency analysis with the important sequential steps of prewhitening. All 1350 variables passed through a basic analysis which resulted in the selection of more than 400 multimode candidates for further studies. In Table 7 we summarize the statistics of the various types of variables we identified in the sample. This table does not contain the more than 30 doubly identified variables which were among the 1350 stars in the basic analysis of the data set. However, to make the statistics more complete, we added the 73 double-mode (RR01) variables of Alcock et al. (1997) to the newly discovered 108 stars of this study. As we have already warned in the paper, the classification of some of the variables may not be definitive. Although this results in some ambiguity in Note.-The symbol σ(%) denotes the standard deviation of the population ratio, assuming Poisson distribution in the different populations.
the derived statistics, it does not change our basic conclusions. Furthermore, because of the finite noise level, there is a limit for the lowest detectable secondary signal components. Considering specifically the Blazhko-type stars, from the statistical tests presented in Sect. 5, we estimate this limit to be 10-15% in the units of the main signal component (10% being the level of marginal, whereas 15% is the level of close to secure detectability).
The 108 newly discovered RR01 stars follow the pattern on the P 0 → P 1 /P 0 diagram of the already known 73 double-mode variables (Alcock et al. 1997 ). This pattern implies metallicity and/or mass spread among the RR01 population of the LMC. Direct metallicity measurements through the ∆S method by Clementini et al. (2000) suggest the existence of sufficient [Fe/H] spread. The preliminary theoretical work of Popielski & Dziembowski (2000) comes to a similar conclusion. Accurate photometry and metallicity measurements of these stars would be very valuable also for constraining further the LMC distance scale (Kovács & Walker 1999) .
We found three variables suspected for double-mode pulsations in the first and second overtones. Further study of these stars with additional photometry would be necessary to confirm their suggested pulsational status.
A considerable fraction of the RR1 population shows period change. Although some of them can be approximated by linear period changes, their high values exclude any evolution-related explanation. Understanding period changes in these and in other RR Lyrae stars remains an important unsolved problem in stellar pulsation theory.
We regard the most exciting finding of this study the discovery of the variables with closely spaced frequencies (for preliminary works on these and some fundamental mode Blazhko stars we refer to Kovács et al. 2000 and Kurtz et al. 2000) . About half of these stars show only two components, similarly to the recent discoveries of the same type of stars by Olech et al. (1999a,b) and Moskalik (2000) . Although in some of these RR1−ν1-type stars in our sample a weak third component with symmetric frequency spacing can be suspected, neither the large majority of our RR1−ν1 stars, nor the variables reported by other authors show such components. However, in 28 variables we observe symmetric frequency spacing, very similar to the frequency spectra of the fundamental mode (RR0) Blazhko-type variables (e.g., Kovács 1995) . Therefore, we associate these variables with the Blazhko-type stars. At this moment it is only the LMC in which first overtone Blazhko stars have been identified. Compared with the commonly used incidence rate of 20-30% of the RR0 Blazhko variables (Szeidl 1988) , our 2% frequency among RR1 stars seems to indicate that whatever is the underlying cause of the Blazhko phenomenon, it should work quite differently in RR1 than in RR0 stars. Although in a milder sense, this difference still survives even if we consider the recent statistics obtained by Moskalik (2000) on the ogle sample of Galactic bulge RR Lyrae stars. He found 11 Blazhko variables from the 149 RR0 stars but none from the 66 RR1 stars analyzed (however, he found RR1−ν1-type stars: 11 among the RR0, and 2 among the RR1 stars). According to our tests, if the lowest level of modulation among RR1 stars were 15%, assuming 20% incidence rate for the Blazhko phenomenon, we should have detected at least 30 more variables of this type. Although with a 10% modulation level under the same circumstance this number decreases to about 10, it is still large enough to conclude that we probably have not missed any Blazhko RR1 variables above the 10% modulation level. Adding to these that the high frequency of the Blazhko RR0 stars refers to relatively older data with marginal probability of the detection of low-amplitude modulations, and that most of them have 30-50% total modulation level, we think that the large difference in the occurrence rates of the two types of Blazhko stars is significant.
It follows from this result that magnetic oblique rotator model (Shibahashi 1994; of the Blazhko phe-nomenon must face with the difficulty in explaining why the role of magnetic field becomes so much less important as a star pulsating in the fundamental mode and showing Blazhko phenomenon moves to the RR1 regime. Most of these stars must either stop being Blazhko-type variables, or their modulation level must decrease from 30-50% down to below 10% (in the units of the total pulsation amplitude). In addition, there is also the problem of asymmetric modulation amplitudes. This difficulty becomes extreme for the above theory to explain both Blazhko-and RR1−ν1-type variables within the same framework. In order to deal with these basic observational facts, the magnetic model needs to be more complex than it is now. This, without the precise measurement of magnetic field, would lead to introducing more free parameters, and thereby to decreasing the predictive power of the theory.
The other theory, the model of direct (ω 0 ≈ ω l ) resonant mode coupling between a radial and nonradial modes stays within the framework of nonlinear stellar pulsation, without invoking the presence of magnetic field. According to Van Hoolst, Dziembowski & Kawaler (1998) , with significant probability this resonance is capable of destabilizing the fundamental limit cycle and leading either to steady phase locked pulsation, or to an amplitude-and phase-modulated one. In both cases we would see Blazhko variability but in the steady amplitude and phase solution observability would depend on the aspect angle of the observer relative to the rotation axis. Concerning the resonance theory, it is important to remark that the recent linear pulsation survey of Dziembowski & Cassisi (1999) shows that the excitation rates for the resonant l = 1 modes are comparable to those of the radial fundamental and first overtone modes. Although these results are encouraging, many questions remain to be answered, such as the relation between RR1−ν1-and Blazhko-type stars, and, of course, the low number of the Blazhko RR1 stars.
We look forward to completing a similar survey of multimode RR Lyrae stars in our six fields in the Small Magellanic Cloud. While we do not anticipate significant differences in the fractions of the types of multimode RR Lyrae variables or sample metallicity, such a survey will provide a test of the degree to which such samples are homogeneous. In many cases the signal-to-noise of the SMC RR Lyrae photometry is expected to be better than that of the LMC photometry because our SMC exposure times were twice as long and this more than compensates for the greater distance of the SMC. Note.-13.6204.617 -'b' data support RR1 status 47.2609.56 -also an RR01 variable with P 1 /P 0 = 0.7443 and A 1 /A 0 = 0.22 6.5729.958 -in 'b' there is a third component at P (ν 2 )/P (ν 0 ) = 0.757 82.8766.1305 -hint for RR1−BL classification in the 'b' data 
